Background-Data from single-center studies suggest that echocardiographic parameters of mechanical dyssynchrony may improve patient selection for cardiac resynchronization therapy (CRT). In a prospective, multicenter setting, the Predictors of Response to CRT (PROSPECT) study tested the performance of these parameters to predict CRT response. Methods and Results-Fifty-three centers in Europe, Hong Kong, and the United States enrolled 498 patients with standard CRT indications (New York Heart Association class III or IV heart failure, left ventricular ejection fraction Յ35%, QRS Ն130 ms, stable medical regimen). Twelve echocardiographic parameters of dyssynchrony, based on both conventional and tissue Doppler-based methods, were evaluated after site training in acquisition methods and blinded core laboratory analysis. Indicators of positive CRT response were improved clinical composite score and Ն15% reduction in left ventricular end-systolic volume at 6 months. Clinical composite score was improved in 69% of 426 patients, whereas left ventricular end-systolic volume decreased Ն15% in 56% of 286 patients with paired data. The ability of the 12 echocardiographic parameters to predict clinical composite score response varied widely, with sensitivity ranging from 6% to 74% and specificity ranging from 35% to 91%; for predicting left ventricular end-systolic volume response, sensitivity ranged from 9% to 77% and specificity from 31% to 93%. For all the parameters, the area under the receiver-operating characteristics curve for positive clinical or volume response to CRT was Յ0.62. There was large variability in the analysis of the dyssynchrony parameters. Conclusion-Given the modest sensitivity and specificity in this multicenter setting despite training and central analysis, no single echocardiographic measure of dyssynchrony may be recommended to improve patient selection for CRT beyond current guidelines. Efforts aimed at reducing variability arising from technical and interpretative factors may improve the predictive power of these echocardiographic parameters in a broad clinical setting. (Circulation. 2008;117: 2608-2616.)
I
n patients with New York Heart Association (NYHA) class III and ambulatory class IV systolic heart failure and electrocardiographic evidence of ventricular dyssynchrony, cardiac resynchronization therapy (CRT) improves quality of life and functional status (eg, NYHA class, exercise capacity), 1 reduces heart failure-related hospitalizations, 2 and prolongs survival. 3 Thus, there is a strong clinical mandate for the use of CRT in eligible patients that is supported by national and international practice guidelines. 4 -6 Although most treated patients show a benefit from CRT, some patients have been considered nonresponders in clinical trials using a variety of measures of clinical responsiveness. 1, 7, 8 In the Multicenter InSync Randomized Clinical Evaluation (MIRACLE), 34% of patients did not demonstrate an improvement in a heart failure clinical composite score (CCS) that combined all-cause mortality, heart failure hospitalization, NYHA class, and patient global assessment into an outcome measure. 1, 9 
Editorial p 2573 Clinical Perspective p 2616
Recently, several echocardiographic measures of mechanical dyssynchrony have identified responders to CRT before device implantation. Ventricular dyssynchrony has been measured with traditional echocardiographic techniques, 10 tissue Doppler imaging (TDI), and other methods. [11] [12] [13] [14] [15] [16] [17] [18] A few of these parameters have demonstrated the ability to distinguish CRT responders from nonresponders with a high degree of accuracy in multiple small single-center studies. To date, however, no multicenter study has examined the potential of echocardiography to assist in determining patients most likely to respond to CRT. Here, we present the results of Predictors of Response to CRT (PROSPECT), a prospective, multicenter, nonrandomized study designed to evaluate selected, predefined baseline echocardiographic parameters for their ability to predict clinical and echocardiographic response to CRT.
Methods
A detailed description of the rationale and methods for PROSPECT has been published previously. 19 The patient population and study protocol are described below.
Study Population
Patients with heart failure symptoms referred for CRT according to the current guidelines for the treatment of chronic heart failure were evaluated for enrollment. Patients were included according to the following criteria: left ventricular ejection fraction (LVEF) Յ35% as assessed by the investigator, NYHA functional status III or IV, and QRS duration Ն130 ms. Medical therapy, unless contraindicated, was to include an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker for at least 1 month before enrollment and a ␤-blocker started at least 3 months before and unchanged for at least 1 month before enrollment. Patients were enrolled across 53 centers in the United States, Europe, and Hong Kong between March 2004 and December 2005. All centers collected data at preimplant baseline assessment; at the time of implantation; immediately after implantation; at 1, 3, and 6 months after implantation; and every 6 months until study closure. Any Medtronic market-released CRT device with or without implantable cardioverter-defibrillator (ICD) functionality could be used in the study.
Echocardiographic Measures of Ventricular Dyssynchrony
The PROSPECT Steering Committee selected 12 echocardiographic parameters identified from published and unpublished literature as possible predictors of a positive response to CRT. 10, 11, [13] [14] [15] [16] [17] [18] Details of each parameter are presented in Table 1 .
Echocardiography Core Laboratories
The recording of a baseline echocardiogram was performed according to study protocol and sent to either a US or European core laboratory. The core laboratories used echocardiographic equipment from 1 of 3 manufacturers: General Electric (GE, Milwaukee, Wis), Philips (Andover, Mass), and Siemens (Malvern, Pa). Echocardiogram data obtained on GE machines (37%) were analyzed with GE Echopac software on a standalone workstation V4.0.4 or a GE Vivid 7 ultrasound system 
Training and Quality Control
At all centers, training on the echocardiogram protocol, data acquisition, and storage was completed by means of a written manual and video presentation. In addition, each center was required to obtain accreditation from the echocardiography core laboratory in its region by providing high-quality images before enrolling any study subjects. Furthermore, any subsequent studies judged to be of insufficient quality by the core laboratory were censored and not included in the analysis.
A team of echocardiologists (see the Appendix in the online Data Supplement) assisted in the creation and review of an echocardiographic measurement manual that was followed by the core laboratories to ensure consistent measurement of images. This document was reviewed and approved by the PROSPECT Steering Committee, which was made up of heart failure specialists, echocardiologists, and electrophysiologists (see the Appendix). In addition, an independent echocardiographic review committee (see the Appendix) reviewed the core laboratory data and predictor calculations before statistical analysis. The echocardiographic review committee provided support and expert review during visits to each of the core laboratories.
Repeatability and Reproducibility of Measurements
Variability was evaluated with measurements selected to represent the major echocardiographic methodology categories: 2-dimensional study, M-mode, pulsed Doppler, and TDI based. Intraoperator variability was assessed within each core laboratory with 10 baseline recordings. Measurement of each echocardiographic recording was conducted 3 times (on days 1, 2, and 7). For each patient, left ventricular end-systolic volume (LVESV; study end point), septalposterior wall motion delay (SPWMD), the SD of time to peak systolic velocity of 12 segments of the left ventricular wall at the basal and medial levels (Ts-SD; used for power calculations), left ventricular preejection interval (measured in MIRACLE and MIR-ACLE ICD), and maximal time to peak systolic velocity difference of 6 segments at the basal level (Ts-peak) were measured.
Interobserver variability was measured between core laboratories with the same echocardiographic parameters (LVESV, SPWMD, Ts-SD, left ventricular preejection interval, Ts-peak). For this assessment, a total of 12 recordings were exchanged by the US and Italian core laboratories; the US and UK core laboratories exchanged 20 echocardiograms.
Definition of Response to CRT
Response to CRT was evaluated through the use of 2 separately analyzed primary outcomes at 6 months: heart failure CCS and relative change in LVESV. The CCS describes patients regardless of vital status at 6 months and includes both objective and subjective measures of clinical status. A patient's CCS was classified as one of the following: worsened (the patient died or was hospitalized for or associated with worsening heart failure, demonstrated worsening in NYHA class at last observation carried forward, had moderate or marked worsening of patient global assessment score at last observation carried forward, or permanently discontinued CRT because of or associated with worsening heart failure), improved (the patient had not worsened as defined above and demonstrated improvement in NYHA class at last observation carried forward or had moderate or marked improvement in patient global assessment score at last observation carried forward), or unchanged (the patient was neither improved nor worsened). 9 An independent end point committee (see the Appendix) adjudicated all hospitalizations and CRT discontinuations for heart failure relatedness. A positive response to CRT was defined in the case of CCS as a designation of "improved" and with LVESV as a reduction of Ն15% at 6 months compared with baseline (paired LVESV measurements). A reduction in LVESV of Ն15% has been used in previous trials 10, 11 and was used in this study as an objective measure of cardiac function.
Statistical Methods
Prespecified cutoff values for each echocardiographic measure were determined from both published and unpublished data, and each parameter was tested against the response outcomes (CCS and LVESV). When predictive cutoff values did not appear in the literature, the cutoff was defined as the median value ( Table 1) . The proportions of patients with a positive response to CRT above and below the specified cutoff values were compared by Fisher's exact test. No adjustment for conducting multiple statistical tests was made. Receiver-operating characteristics curves were generated, and areas under the curve are reported as a measure of the ability to predict positive response at any cutoff value.
For the analysis of intraobserver and interoperator echocardiographic variability, we calculated an adjusted coefficient of variation (CV), defined as the ratio of the SD and the mean of absolute readings for each echocardiographic parameter. Agreement of binary echocardiographic predictors was assessed with Cohen's coefficients.
Finally, to further characterize the relationship between echocardiographic measures and the 2 primary outcomes, retrospective analyses of the following subgroups were performed: core laboratory-measured LVEF Յ35%, left ventricular end-diastolic diameter Ն65 mm, and ischemic and nonischemic origin of heart failure.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results

Patient Characteristics
Overall, 498 patients were enrolled in PROSPECT, and after 31 early exits, 467 patients were successfully implanted with CRT devices. After exclusion of 41 patients in a narrow QRS substudy (Ͻ130 ms), the 426 remaining patients formed the final study group of the present report. The disposition of subjects is presented in Figure 1 . A total of 227 patients were enrolled in the United States, 194 in Europe, and 5 in Hong Kong. Baseline characteristics are shown in Table 2 . In general, most patients were male (71%); 54% had ischemic origin of heart failure; and the use of evidence-based heart failure medications at baseline was high, as required. Compared with patients enrolled in the United States, European patients had more nonischemic origin of underlying cardiomyopathy (63% versus 44%; PϽ0.0001) and, from core laboratory measurements, lower LVEF (25.5Ϯ6.2% versus 32.9Ϯ11.5%; PϽ0.0001) and larger LVESV (206.6Ϯ91.9 versus 132.5Ϯ69.5 mL; PϽ0.0001).
Echocardiographic Data
Variability analyses of echocardiographic measures are shown in Table 3 . Intraobserver reproducibility was similar in the 3 core laboratories, with low variability for LVESV and left ventricular preejection interval (CV, 3.8% and 3.7%, respectively), moderate variability for Ts-SD and Ts-peak (CV, 11.4% and 15.8%), and high variability for SPWMD (CV, 24.3%). Interobserver variability was higher for each parameter than intraobserver variability, with high variability for Ts-peak, Ts-SD, and SPWMD (CV, 31.9%, 33.7%, and 72.1%, respectively).
TDI data obtained with the Siemens machines were excluded from analysis because of suboptimal data quality as determined by the core laboratories.
CCS End Point
Overall, based on the CCS, 69% of patients improved, 15% remained unchanged, and 16% worsened (Figure 2 ). Fourteen patients (3%) died and 45 patients (11%) were hospitalized for worsening heart failure during the 6-month follow-up. Table 4 summarizes the ability of each evaluated echocardiographic parameter to predict clinical response as measured by the CCS. Three of the 5 non-TDI parameters and 1 of the 7 TDI-based methods (Ts onset basal) demonstrated modest, statistically significant value in predicting a higher rate of CCS response for those reaching the cutoff value. In receiveroperating characteristics analyses (Table 5) , among the published TDI methods, the SD of time to peak velocity of 12 segments achieves an area under the curve of 0.60 (Pϭ0.03) for the ability to predict improved CCS. 
LVESV as an End Point
The 286 patients with available paired LVESV measurements showed a relative LVESV reduction of 19.7Ϯ27.3% (meanϮSD) at 6 months. One hundred sixty-one patients (56.3%) had a reduction of Ն15%, meeting the prespecified definition of improvement, and 26 patients (9.1%) had an increase of at least 15% in LVESV (Figure 2 ). The predictive ability of each echocardiographic parameter for LVESV reduction is shown in Table 4 . All 4 of the non-TDI methods and 1 of the TDI-based tests (time difference between lateral and septal peak systolic wall velocity) demonstrated a significantly higher level of response among those meeting the cutoff criterion.
Based on the receiver-operating characteristics analysis, the time difference between lateral and septal peak systolic wall See Table 1 for descriptions and definitions. Positive and negative predictive values can be derived from this table. For CCS, it is as follows; LVESV is similar. The positive predictive value is percent improved when the cutoff is met. The negative predictive value is 100% minus the percent improved when the cutoff is not met. The number of patients included in the assessment of LVESV is smaller than for CCS because of the requirement of adequate-quality echocardiograms at baseline and 6 months.
velocity achieved an area under the curve of 0.61 (Pϭ0.01) for the ability to predict LVESV reduction of Ն15%.
Subgroup Analyses
There were no statistically significant differences in CCS or LVESV responses between patients in the United States and those outside the United States (65.2% and 73.4%, respectively, Pϭ0.07 for CCS; and 54.2% and 58.3%, respectively, Pϭ0.55 for LVESV). The CCS response rate was higher among nonischemic patients compared with those with ischemic origin (75% versus 64%, respectively; Pϭ0.01); also, the LVESV response rate tended to be higher in the nonischemic group compared with the ischemic group (63% versus 50%, respectively; Pϭ0.03).
Although the center reported that mean LVEF was 23.6Ϯ7% in PROSPECT, the core laboratory-measured mean LVEF was 29.3Ϯ10%; 20.2% of subjects had a core laboratory-measured LVEF Ͼ35%. Nonetheless, in the subgroups defined by core laboratory-measured LVEF Յ35% (nϭ340, 79.8%) or left ventricular end-diastolic diameter Ն65 mm (nϭ265, 62.2%), there were no substantial differences in the predictive power of the echocardiographic parameters compared with all subjects (data not shown).
Discussion
The PROSPECT trial represents the first large-scale, multicenter, clinical trial evaluating the performance of echocardiographic measures of mechanical ventricular dyssynchrony to predict responsiveness to CRT. Although several parameters predicted statistically significant improvement in clinical and reverse remodeling outcomes, sensitivity and specificity were modest. In a population of patients whose baseline characteristics fulfill the current indications for CRT and whose clinical response rates are comparable to other trials of CRT, 1 the findings of PROSPECT suggest that various echocardiographic measures of ventricular dyssynchrony as applied in this study were unable to distinguish responders from nonresponders to a degree that should affect clinical decision making. Thus, current clinical criteria, including the ECG, remain the standard for CRT patient selection.
Given the background of numerous smaller, single-center studies demonstrating a strong correlation between echocardiographic measures of mechanical dyssynchrony and clinical response to CRT, [11] [12] [13] [14] [15] [16] [17] [18] the results of PROSPECT are somewhat surprising. There may be several explanations for this discrepancy.
We observed relatively low yield and high variability for the TDI measures. Specifically, the percent of individual parameters deemed interpretable by the core laboratories ranged between 61% and 95% for the routine non-TDI methods and between 37% and 82% for TDI-based tests. Although TDI measurements, performed in a laboratory with special expertise, may be effective in predicting outcomes to CRT, current technology, degree of training standards, and analytic methods do not allow its incorporation in a generalized setting and may currently represent a significant limitation for the widespread use of TDI methods. The use of different echocardiographic platforms and equipment to collect and analyze images may have exacerbated variability in measurements. However, in this study evaluating methods across a wide spectrum of locations and medical practices, we sought to include the major vendors of these technologies. There also appear to be differing practice styles between the United States and Europe with regard to patient selection for See Table 1 for descriptions and definitions. Sensitivity and specificity are derived from the cutoff values in Table 3 . The values in parentheses are exact binomial 95% CIs. This table uses receiver-operating characteristics curve analysis to investigate whether changing the cutoff value (as given in Table 3 ) could give a better prediction of improvement on the CCS or reduction in LVESV. If the probability value for the area under the curve (AUC) (H 0 : AUCϭ0.5) is considerably smaller than the Fisher exact probability value in Table 3 , then it is likely that a better cutoff value can be found.
CRT, with a tendency toward use of CRT earlier in the disease process in the United States, which may have added to the variability in patient selection characteristics. Note, however, that distance walked in 6 minutes was 246 m on average in US patients versus 308 m in European patients. It also has been suggested that longitudinal dyssynchrony may be subject to higher variability and may correlate less well with ventricular functional recovery after CRT than 2-dimensional strain techniques that evaluate radial dyssynchrony. 20 Other potentially interesting methods for further study are novel echocardiographic techniques, including 2-dimensional strain imaging (speckle tracking approach), 21 3-dimensional echocardiography, 22 anatomic M-mode imaging, 23 and magnetic resonance imaging. 24 Were the cutoff points for the echocardiographic measurements appropriately selected? The values selected for PROS-PECT, although based on published reports when available, were developed in observational single-center studies and may need to be refined when the methodology is translated to the larger community. Do the end points reflect clinically relevant outcomes, and are they robust enough to be accurately predicted by echocardiographic methods? The 2 primary end points were selected to measure clinically relevant outcomes in heart failure patients with a validated tool (CCS) and to assess cardiac structural response (reverse remodeling). The CCS has been used in heart failure clinical trials with success 1, 7 and consists of easily measured components (survival, hospitalization, NYHA class, patient global assessment) with stringent criteria for improved status. Nonetheless, given that patients enrolled in clinical trials generally improve even in the absence of therapy, it is possible that CCS changes may not be due to events that bear any relationship to echocardiographic measures. Therefore, a measure of cardiac structural change also was incorporated. The reverse remodeling end point (LVESV reduction Ն15%) has been used more specifically in studies evaluating echocardiographic predictors, 10, 11 and there was general consensus among the steering committee that 15% reduction in LVESV was a robust and clinically relevant outcome measure. The ideal end point to assess response to CRT is currently unclear, and it has been noted that a discrepancy exists between clinical and echocardiographic responses (a reduction in LVESV), with a greater rate of clinical response compared with echocardiographic response. 25 The PROSPECT patient population may be somewhat different from those studied for the published echocardiographic parameters, partly accounting for the discrepancy with previously reported results. Indeed, as measured by the core laboratory, 20.2% had LVEF Ͼ35% and 37.8% had left ventricular end-diastolic diameter Ͻ65 mm, suggesting that perhaps the severity of illness in PROSPECT, a study conducted in the course of clinical practice, was not congruent with previously studied patients in the setting of clinical trials. Nonetheless, the average 6-minute walk distance in PROSPECT was 274Ϯ122 m compared with 298Ϯ92 m in MIRACLE 1 and 243Ϯ122 m in MIRACLE ICD. 7 More specifically, in 2 TDI methodology studies, 11,15 baseline 6-minute walk distances were Ϸ248 and 320 m, respectively. Furthermore, extensive subgroup analyses looking at those with the lowest LVEF, greatest left ventricular diameter, and ischemic or nonischemic origin do not demonstrate substantial difference in the predictive ability of the echocardiographic parameters. Still, additional studies focusing on patients with LVEF Յ35% and left ventricular end-diastolic diameter Ն65 mm should be performed.
It is possible that mechanisms other than attenuation of systolic dyssynchrony per se underlie the benefits seen with CRT. Chronically, the existence of an abnormally high regional wall stress such as with an infarcted zone may lead to progressive left ventricular dilation. 26 Prinzen and colleagues 27 have shown that ventricular pacing significantly reduces wall stress and workload by causing the region near the pacing site to contract early in the cycle against a lower ventricular pressure and at a reduced preload. Therefore, the preexcited region does less external work and develops less stress; in a chronic setting, this phenomenon may have favorable effects on the failing heart.
Finally, determining the patients most likely to respond before CRT requires an assessment of factors other than echocardiography-measured dyssynchrony. For example, limited venous anatomy may introduce a mismatch between left ventricular lead position and latest activation site 28 that is likely to lead to a variation of CRT response that is unrelated to echocardiographic parameters. In a multicenter setting, this factor is even more difficult to control. In addition, extensive left ventricular scar tissue attenuates clinical and structural response rates to CRT despite the presence of cardiac dyssynchrony and could be a potential confounder of results in ischemic patients. 29 Therefore, integration of cardiac dyssynchrony and magnetic resonance imaging evaluation for the presence, location, and size of the scar in patients with ischemic cardiomyopathy may be a useful modality in patient selection for CRT. 30, 31 In this regard, the interplay between heart failure origin, end-point selection, and echocardiographic parameters should be noted in future study design.
The major limitation of this study is the observational, nonrandomized design. The main purpose of this study was to assess predictive abilities of the echocardiographic parameters, not to test whether the use of these parameters has a clinical impact. If echocardiographic parameters can be identified in a multicenter setting that improve significantly on the current implantation criteria, further randomized studies testing such parameters would be warranted. The relatively high levels of both interobserver and intraobserver variability noted in this multicenter study impair our ability to conclusively assess the potential predictive capabilities of the echocardiographic parameters in an ideal setting. Therefore, the introduction of variability in image acquisition and analysis currently represents a major limitation to translating expert, single-center experience to widespread use.
Conclusions
Despite promising preliminary data from prior single-center studies, echocardiographic measures of dyssynchrony aimed at improving patient selection criteria for CRT do not appear to have a clinically relevant impact on improving response rates when studied in a multicenter setting such as PROS-PECT. Thus, at present, the echocardiographic parameters
